Introduction
============

Cataract surgery techniques and technologies have improved the surgery from a procedure that could prevent blindness to a procedure that maximizes visual performance.[@b1-opth-10-1031]--[@b3-opth-10-1031] The overwhelming majority of intraocular lens (IOL) implants after phacoemulsification surgery and cataract removal are monofocal IOLs, which have been specifically designed to improve the distance of optical resolution and have very few complications associated with the material or the technology.[@b1-opth-10-1031]--[@b3-opth-10-1031] However, most of the patients will still require spectacles for near and intermediate tasks, including computer work. The ongoing need for spectacle use after surgery has, in turn, decreased the overall patient satisfaction and perceived quality of life,[@b1-opth-10-1031]--[@b4-opth-10-1031] especially in younger patients who typically have more demands for spectacle-free vision for their lifestyle, reading, and computer work.[@b5-opth-10-1031]

The advent of multifocal IOLs introduced an effective solution for spectacle independence after cataract surgery and added to the surgical options for the correction of presbyopia.[@b1-opth-10-1031],[@b6-opth-10-1031]--[@b10-opth-10-1031] Compared with monofocal IOL capabilities, multifocal IOLs have been shown to increase the depth of vision, maintain distance vision, and improve near vision.[@b1-opth-10-1031],[@b3-opth-10-1031],[@b6-opth-10-1031],[@b7-opth-10-1031],[@b11-opth-10-1031] The first-generation multifocal IOLs are apodized diffractive lenses that send energy to two focal points in small pupils and only to distance points in larger pupils, using the zero and first diffraction orders for distance and near foci, respectively. Because of their design, multifocal IOLs are generally ineffective in improving intermediate vision tasks.[@b6-opth-10-1031],[@b9-opth-10-1031],[@b10-opth-10-1031] Also, these lenses have been associated with halos, reduced contrast sensitivity, and increased dysphotopsia, which can lead to ongoing patient dissatisfaction.[@b1-opth-10-1031],[@b7-opth-10-1031],[@b12-opth-10-1031],[@b13-opth-10-1031] Whether the potential visual complications from multifocal lenses outweigh the gain of additional spectacle independence depends on patient preference and adaptability.

Trifocality in IOL designs has been found to provide good near, intermediate, and distance visual performances and increase spectacle independence.[@b14-opth-10-1031] AcrySof^®^ IQ PanOptix™ Presbyopia Correcting IOLs (PanOptix; Alcon Research, Fort Worth, TX, USA) are trifocal IOLs that have been CE Mark-approved in Europe. The lens is made up of the same hydrophobic and ultraviolet- and blue light-filtering acrylate/methacrylate copolymer material used in the AcrySof family of lenses (Alcon Research). The lens design is intended to improve the intermediate vision tasks and increase patient satisfaction, with a third focal point at an optimal intermediate distance of 60 cm. PanOptix is a nonapodized diffractive trifocal IOL that distributes light energy to three focal points in both small and large pupil conditions. It uses zeroth, second, and third nonsequential diffraction orders for distance, intermediate, and near foci, respectively, and the energy at the first diffractive order is redistributed to optimize the performance at three other focal points. This novel diffractive structure produces high light utilization, transmitting 88% of light at the simulated 3.0 mm pupil size to the retina.[@b15-opth-10-1031] The light is split into two with one half allocated to the distance focus and the other half split between the near and intermediate focus. PanOptix is also designed with an intermediary 4.5 mm diffractive zone, making its performance less dependent on pupil size.

Optical bench evaluation is a well-known method to determine the optical quality of IOLs.[@b9-opth-10-1031],[@b11-opth-10-1031],[@b16-opth-10-1031],[@b17-opth-10-1031] This study compared the results of various bench simulations of visual performance: through-focus modulation transfer function (MTF), through-focus Badal image testing, and headlight image testing for PanOptix and ReSTOR +3.0 D. ReSTOR +3.0 D was selected as the comparator lens because it is a multifocal IOL with established good distance and near visual acuity (VA).[@b18-opth-10-1031] This study chose those particular bench tests on the basis of their specificity: through-focus Badal images to test optical resolution, headlight images to assess the photic phenomena associated with IOLs, and through-focus MTF curves to assess image quality by quantifying the contrast passing through a system at a given spatial frequency.[@b5-opth-10-1031],[@b6-opth-10-1031],[@b9-opth-10-1031]

Methods
=======

Intraocular lenses
------------------

ReSTOR +3.0 D IOLs (model SN6AD1; Alcon Research) and PanOptix IOLs that are used in this study had a 21.0 D base power. ReSTOR +3.0 D is an apodized diffractive multifocal IOL, whereas PanOptix is a nonapodized diffractive trifocal IOL.

ReSTOR +3.0 D and PanOptix have aspherical designs and aspheric corrections for a corneal spherical aberration of −0.1 μm.[@b19-opth-10-1031] [Table 1](#t1-opth-10-1031){ref-type="table"} lists the optical specifications of ReSTOR +3.0 D and PanOptix.

ReSTOR +3.0 D has active diffraction orders of the zeroth and first magnitude, and PanOptix IOL has active diffraction orders of the zeroth, second, and third magnitude. The optical technology of PanOptix uses nonsequential diffractive orders to create near (42 cm), distance, and intermediate (60 cm) foci.[@b20-opth-10-1031] In PanOptix, energy at the first diffractive order is redistributed to optimize the performance at the other focal points.[@b20-opth-10-1031]

Experimental design
-------------------

### Badal imaging

A custom model eye was assembled as a Badal optometer, as previously described by Carson et al.[@b5-opth-10-1031] The model eye used for testing both the study lenses was modified with 0.1 μm spherical aberration according to the design of the lenses. A bench simulation of visual performance using through-focus Badal image testing of an Early Treatment of Diabetic Retinopathy Study chart from −1.0 D to +3.0 D at 0.25 D increments was performed, and images simulating viewing distances from infinity to 40 cm were evaluated. An additional image was also taken at the best near focus of each lens in order to account for the differences in near add power. Badal images taken with the letter chart target placed at the simulated depth of foci of infinity, 80, 60, 40 cm, and best near focus were depicted to demonstrate the difference between the two lens models.

The IOLs were positioned within a model eye containing deionized water and a convex plano model cornea lens with a matching spherical aberration, as described previously;[@b5-opth-10-1031] the IOL was held on a paddle that contained a 3.0 mm pupil. The target was a chrome-on-glass, 25 mm diameter Early Treatment of Diabetic Retinopathy Study VA chart that depicted nine rows, with the smallest row corresponding to a VA of 20/12. VA difference of no more than two letters is considered equivalent at a given focus distance (less than one-half of the clinically relevant value of 0.1 logarithm of the minimum angle of resolution).

### Simulated headlight imaging

Photic phenomena of the two IOLs in the form of halo propensity assessment were measured using the Optikos MTF System (Optikos Corp., Wakefield, MA, USA) with OpTest™ software (version 5.2.2; Optikos Corp.) in a pseudophakic eye model with a spherical aberration matching International Organization of Standardizations model eye as previously described by Carson et al.[@b5-opth-10-1031] An illuminated pinhole with a 50 μm aperture was used to simulate a car headlight viewed at a distance of \~250 m.[@b21-opth-10-1031] All the images were taken at the distance foci of the specific IOL model with 5.0 mm pupil on the IOL under white light conditions by illumination on one side using a Fiber-Lite^®^ DC-950 Fiber Optic Illuminator (Dolan-Jenner Industries, Boxborough, MA, USA). Test conditions, including the light intensity and the position of the IOL relative to the aperture and cornea, were the same for both IOL models. The light intensity level was adjusted until the halo structure could be clearly seen on a charge-coupled device camera.

### MTF measurements

Through-focus MTF is an established method to determine the amount of contrast passed through a system at a given spatial frequency.[@b22-opth-10-1031] The IOLs were used following ISO 11979-2 requirements and test methods in order to assess the optical properties of the multifocal IOLs using a validated Optikos MTF system according to the conditions described by Carson et al.[@b5-opth-10-1031] MTF measurement was performed on the IOLs with spherical aberration-matching corneas to yield the best optical performance. Testing was conducted with a 3.0 mm lens aperture that corresponds to average photopic pupil size. Slit targets illuminated by a light source with a 550 nm narrow-band filter were imaged at infinity. Each target image was obtained from the IOLs, was relayed to the charge-coupled device camera, and was analyzed. MTF curves were generated from the mean vertical- and horizontal-slit values. Through-focus MTF curves at two spatial frequencies of 50 and 100 line pairs per millimeter (lp/mm) were used to determine the best foci for distance, near distance, and intermediate distance. The two frequencies correspond to cycle widths of 4 and 2 minutes, respectively, conventionally equated to acuities of 20/40 and 20/20, respectively, at least for a square-wave grating.[@b23-opth-10-1031]

Results
=======

Badal Images
------------

Through-focus Badal images captured at defocus distances of infinity (0.0 D), 80 cm (1.25 D), 60 cm (1.67 D), and 40 cm (2.50 D) are shown in [Figure 1A](#f1-opth-10-1031){ref-type="fig"}. The trifocal IOL provided equivalent distance and near performance compared with the multifocal IOL, with a photopic pupil size of 3.0 mm. The intermediate visual performance was improved in the trifocal over the multifocal IOL, with approximately three lines of improvement at 60 and 80 cm defocus distances. The best PanOptix intermediate focus distance was 60 cm, whereas ReSTOR +3.0 D lacks an intermediate focus. [Figure 1B](#f1-opth-10-1031){ref-type="fig"} shows the 3.0 mm pupil Badal images taken at the best near focus of ReSTOR +3.0 D and PanOptix, which were 44 cm (2.25 D) and 42 cm (2.37 D), respectively.

Results were similar for PanOptix in Badal images taken at infinity (0.0 D), 80 cm (1.25 D), 60 cm (1.67 D), and 40 cm (2.50 D) using the 4.5 mm pupil in [Figure 2](#f2-opth-10-1031){ref-type="fig"}, whereas ReSTOR +3.0 D had less image quality at the 60 and 80 cm defocus positions.

The bench-simulated Badal images that were used to assess the resolution of ReSTOR +3.0 D and PanOptix IOLs were taken at defocus distances from 0.0 D to +3.5 D using the 3.0 mm pupil size. The following [Video S1](#SD1){ref-type="supplementary-material"} shows the Badal images from ReSTOR +3.0 D (left) and PanOptix (right) over these defocus distances. The 20/40 line in PanOptix was resolvable in the 2.50 D (40 cm) to 1.25 D (80 cm) images.

Headlight images
----------------

Representative simulated headlight images for the study lenses taken at the distance focus of the lenses using a 5.0 mm pupil are illustrated in [Figure 3](#f3-opth-10-1031){ref-type="fig"}. The halos surrounding the headlight target diminished at a shorter distance from the central spot with the multifocal IOL compared with the trifocal IOL. Visually, halos were more distinct with PanOptix. The difference in halos can be explained by the difference in apodization between the lenses. In ReSTOR +3.0 D, apodization helps to direct most of the light energy (\~85% by design) to distance focus in large pupil diameters. On the other hand, the nonapodized PanOptix design consistently splits the light energy to the three foci (distance, intermediate, and near) independent of the pupil diameter.

MTF measurements
----------------

MTF measurements were taken at the designated foci of the two lens models with a 3.0 mm aperture and at spatial frequencies of 100 ([Figure 4A](#f4-opth-10-1031){ref-type="fig"}) and 50 lp/mm ([Figure 4B](#f4-opth-10-1031){ref-type="fig"}). Distance-focus and near-focus values were greater for ReSTOR +3.0 D than for PanOptix, but PanOptix had considerably higher intermediate MTF values.

At 100 and 50 lp/mm, the ReSTOR +3.0 D IOLs had distance MTF values of 35.2% and 47.6%, respectively, and the trifocal IOLs had distance MTF values of 30.9% and 40.2%, respectively. Near-focus MTF values at 100 and 50 lp/mm were 17.5% and 22.8%, respectively, for ReSTOR +3.0 D and 15.3% and 18.1%, respectively, for PanOptix. The intermediate-focus MTF values for PanOptix were higher than those for ReSTOR +3.0 D, as expected with the design of the trifocal IOL. Intermediate-focus MTF at 100 and 50 lp/mm were 2.9% and 4.4%, respectively, for ReSTOR +3.0 D and 13.3% and 15.3%, respectively, for PanOptix.

The through-focus MTF curves at spatial frequencies of 100 and 50 lp/mm using a 3.0 mm pupil are shown in [Figure 5](#f5-opth-10-1031){ref-type="fig"}. The distance-focus MTF peak was greater for the multifocal IOL than the trifocal IOL. ReSTOR +3.0 D had a slightly greater near-focus MTF peak than PanOptix; the intermediate-focus peak was located at 60 cm, and ReSTOR +3.0 D did not possess an intermediate-focus peak.

Discussion
==========

In this study, the new PanOptix trifocal IOL design was evaluated with standard bench measurements such as through-focus Badal images for resolution, through-focus MTF curves for image quality, and headlight images for photic phenomena (halo propensity), all compared with its multifocal counterpart, ReSTOR +3.0 D. The results showed that the PanOptix IOL had improved performance at an intermediate distance range of 60--80 cm and showed a greater than three lines of improvement in resolution at 60, 70, and 80 cm compared with the ReSTOR +3.0 D IOL. Laboratory testing also showed that distance and near resolution for the trifocal IOL is likely to be comparable to ReSTOR +3.0 D for photopic pupil (3.0 mm). The bench simulation that was used to measure image contrast showed equivalent distance and near performance for PanOptix and ReSTOR +3.0 D IOLs, but PanOptix fared much better in intermediate vision.

Monofocal IOLs have traditionally higher contrast sensitivity than their multifocal counterparts because the light from the out-of-focus image reduces the sharpness of the in-focus image in multifocal designs.[@b23-opth-10-1031] However, monofocal lenses are not designed to provide spectacle-free vision in situations outside of distance vision, creating a challenge for patients who need good intermediate vision (eg, computer work) and near vision (eg, reading). Diffractive multifocal IOLs have compensated for this by decreasing near add powers,[@b24-opth-10-1031] as in the case of the ReSTOR +3.0 D, which has a decreased near add power compared with its predecessor, the ReSTOR +4.0 D. However, in this study, PanOptix was shown to produce clearer images from 60 to 80 cm than even the ReSTOR +3.0 D, potentially overcoming the ongoing intermediate vision and contrast sensitivity issues associated with other bifocal lenses.[@b5-opth-10-1031]

The higher energy usage of PanOptix allowed the IOL to provide equivalent simulated distance vision to ReSTOR +3.0 D in this study. De Vries et al[@b25-opth-10-1031] and Alfonso et al[@b26-opth-10-1031] found that the reduced near add power of the ReSTOR +3.0 D, compared with the ReSTOR +4.0 D or other multifocal IOLs, produced better intermediate vision, but Gatinel and Houbrechts[@b11-opth-10-1031] maintained that true intermediate VA can only be achieved by adding a third focal point. Additionally, the intermediate and near performances of PanOptix are independent of pupil size.

The through-focus MTF curves confirmed a distance and near focus for each lens, but the curve for PanOptix also had an intermediate focus at 60 cm. Other studies have found ReSTOR +3.0 D to have higher MTF values at near and distance focal points compared with other commercialized trifocal lenses.[@b5-opth-10-1031] Of interest, the 60 cm intermediate focal point achieved by the PanOptix lens, as indicated by its MTF peak, was within the preferred viewing distance range, 45.7--61.0 cm, for computer terminals.[@b27-opth-10-1031]--[@b29-opth-10-1031]

In addition, ReSTOR +3.0 D demonstrated slightly lowered haloing effects compared with PanOptix. The slight differences in haloing effects between the two lenses can be accounted for by the central apodized diffractive zone of the multifocal IOL that ends at 3.6 mm diameter with a refractive outer zone.[@b30-opth-10-1031] This allows the IOL to be more strongly distance-dominant with larger pupil sizes. In the nonapodized PanOptix lens, the addition of a third focus, by itself may increase halos. In large pupils, most of the light energy of ReSTOR +3.0 D (\~85% by design) goes to distance focus, which may account for the variability between the two designs. It is not known whether this difference in halos between the study lenses is expected to be clinically significant, and future studies may be necessary to understand the clinical significance.

Other commercially available trifocal IOLs provide intermediate add powers at about 80 cm.[@b17-opth-10-1031],[@b31-opth-10-1031]--[@b34-opth-10-1031] However, this study showed that PanOptix provides an intermediate add power of about 60 cm in a unilateral bench test, which was intended to achieve the most suitable and comfortable intermediate distance for most patients.[@b27-opth-10-1031]--[@b29-opth-10-1031]

This study is limited by its laboratory nature; extrapolating the results into clinical practice may not be straightforward, and the findings cannot guarantee that the lenses will perform the same in vivo. Additionally, the study design was observational, limiting statistical analyses.

Conclusion
==========

The design of PanOptix allows for the creation of three distinct foci. This novel, presbyopia-correcting lens is equivalent to ReSTOR +3.0 D in photopic near and distance performance but provides a substantial range of intermediate foci with an optimal intermediate focus at 60 cm. Although additional clinical studies are necessary, these bench analyses have shown that PanOptix may be a viable choice for patients who require optimal vision across all distances and minimal use of spectacle correction.
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![Image quality of the ReSTOR +3.0 D and PanOptix IOLs.\
**Notes:** Image quality of the ReSTOR +3.0 D and PanOptix IOLs at (**A**) focus distances of infinity (0.0 D), 80 cm (1.25 D), 60 cm (1.67 D), and 40 cm (2.5 D) with a 3.0 mm pupil; (**B**) best-near image for each IOL with a 3.0 mm pupil. The third line (with the text "R H S D V") and the sixth line (with the text "C S R H N") from the bottom are equivalent to visual acuities of 20/20 and 20/40, respectively.\
**Abbreviation:** IOL, intraocular lens.](opth-10-1031Fig1){#f1-opth-10-1031}

![Image quality of the ReSTOR +3.0 D and PanOptix intraocular lenses at focus distances of infinity (0.0 D), 80 cm (1.25 D), 60 cm (1.67 D), and 40 cm (2.5 D) with a 4.5 mm pupil.\
**Note:** The third line (with the text "R H S D V") and the sixth line (with the text "C S R H N") from the bottom are equivalent to visual acuities of 20/20 and 20/40, respectively.](opth-10-1031Fig2){#f2-opth-10-1031}

![Simulated headlight images through the PanOptix and ReSTOR +3.0 D intraocular lenses.](opth-10-1031Fig3){#f3-opth-10-1031}

![Modulation transfer function values of the ReSTOR +3.0 D and PanOptix intraocular lenses measured with a 3.0 mm pupil at (**A**) 100 and (**B**) 50 lp/mm (sample size, n=10).\
**Abbreviation:** lp/mm, line pairs per millimeter.](opth-10-1031Fig4){#f4-opth-10-1031}

![Through-focus modulation transfer function values of the ReSTOR +3.0 D and PanOptix intraocular lenses measured with a 3.0 mm pupil at (**A**) 100 and (**B**) 50 lp/mm.\
**Abbreviation:** lp/mm, line pairs per millimeter.](opth-10-1031Fig5){#f5-opth-10-1031}

###### 

Characteristics of ReSTOR +3.0 D and PanOptix IOLs

                            PanOptix                    ReSTOR +3.0 D
  ------------------------- --------------------------- ------------------
  Technology                Trifocal                    Multifocal
  Diffractive zone          4.5 mm                      3.6 mm
  Central zone              Diffractive                 Diffractive
  Optic type                Nonapodized                 Apodized
  Near add powers           +3.25 D                     +3.00 D
  Intermediate add powers   +2.17 D                     None
  Active orders             Zeroth, second, and third   Zeroth and first
  Asphericity               −0.1 μm                     −0.1 μm
  Lens color                Yellow                      Yellow
